High-density seismic array method has attracted enormous interest in geophysical methods, and it is an advanced seismic observation technology which is of great significance in oil and gas resource detection and underground space exploration. However, designing a portable sensor node that prolongs the lifetime and equips wireless monitoring system to improve construction efficiency has been still a challenge for the high-density seismic array method. In this paper, a portable energy-efficient wireless sensor node and a hybrid communication system that content themselves with complex terrain, large-scale and reliable transmission are proposed to tackle the restrictions of high-density seismic survey. A Wi-Fi communication system based on the star network structure at the core network layer and a ZigBee communication system based on wireless multi-hop structure in the extended network layer form the hybrid communication system. In order to balance the energy of nodes in the extended network and prolong the network lifetime, this paper proposes a multi-hop variable weight routing method (MVWRM). The method selects the cluster-head node and the multi-hop route by changing the weight of the residual energy of the node and the weight of the distance at different periods. Then, a series of simulations and experiments are carried out for verification. The experiments show that the proposed sensor node suggest good performance in equivalent noise level (0.8µV@500Hz, PGA = 1), total harmonic distortion (124dB). Simulation results and performance analysis validate that the effectiveness of the proposed MVWRM can extend about 10% of the node lifetime.
I. INTRODUCTION
The dense seismic array is a combined array of seismic instruments which are arranged at a high density within a certain range in order to detect the characteristic shape, size and position of a geological body accurately. It performs high-precision, large-scale deep detection of specific areas and high-resolution 3D detection of the source structure, which can identify the deep tectonic environment of the earthquake [1] . Besides, it can also image and study the physical properties and changes of the medium in the detection zone based on seismic waves information [2] , [3] . Compared with the three-component (3C) seismic stations, the dense seismic The associate editor coordinating the review of this manuscript and approving it for publication was Kezhi Wang. array can improve the signal-to-noise ratio (SNR) by means of bunching, which is convenient for detecting the weak signals with the strong noise. The bunching method can also suppress the scattering signal caused by the non-uniformity of the medium near the array and highlight the direct wave and the reflected phase on the free surface which is great value in determining the focal depth and focal mechanism [4] . An overview of the high-density seismic array method is shown in Figure 1 . Many sensor nodes are deployed in the dense monitoring area and collect the seismic signal from the broadband vibrator. After obtaining a large amount of seismic data, accurate underground structure imaging or interpretation would be acquired by correcting, superimposing, and offsetting seismic data. However, the dense seismic array needs to be arranged in a large area. In order to improve the exploration efficiency and monitor the state of the instrument in real-time, the dense seismic array puts higher requirements on the wireless monitoring capability of the instrument in the coverage area. Besides, this method requires the long-term observations, there is a certain limit on power consumption while carrying a wireless monitoring system.
A. MAIN CONTRIBUTIONS
In this paper, we design a potable energy-efficient wireless sensor node for the high-density seismic array. The sensor node integrates a 2-Hz geophone, a high-performance data recording unit, a power management unit and a wireless monitoring system. The wireless monitoring system equips with a low-power ZigBee for member nodes and vehiclemounted high-power Wi-Fi for gateway nodes. The network structure designed in the wireless communication system contains a core network layer and an extended network layer to complete the wireless monitoring. In the extended network layer, we designed a new multi-hop node low-power data transmission routing method which called MVWRM. As we all know, the residual energy of the node and the distance among the nodes are two important factors which affecting the whole network lifetime. However, they cause a different degree when selecting the cluster-head (CH) node and the route in different periods of the network. The MVWRM selects the CH node and the route by assigning different weight coefficients to each factor at different periods. Thus, it makes the energy of the whole network more balanced which allows the entire network system to work longer. The sensor node adopts the ''long-term record & concentration short-term harvest'' mode of operation which fully meets the needs of high-density seismic array exploration.
B. ORGANIZATION
The structure of this paper is organized as follows. In Sec. II, the background and the state of art for high-density seismic array sensor node and wireless routing method are briefly discussed and reviewed. In Sec. III, we showed the development of the wireless multi-hop energy-efficient sensor node and the network structure of the high-density seismic method. In par-ticular, the energy-efficient multi-hop networking method and the specific implementation of the MVWRM method are focused on in detail. In Sec. IV, the system tests, including the equivalent noise-level test, harmonic distortion test, the wireless performance estimation and instrument performance index comparisons are presented. The conclusions then follow.
II. RELATED WORK
At present, the seismic exploration develops towards the large avenues, high-density, wide-band, and light-weight characteristics. There is an urgent need for a node that can guarantee its superior performance while ensuring its wireless monitoring capability.
A. SEISMIC SENSOR NODE
Nowadays, a variety of nodal seismic sensor nodes for intensive seismic array have been introduced which can be roughly divided into three categories. The first type is the cable sensor node represented by the 428XL produced by the SERCEL company [5] . It uses real-time data-harvesting method to solve the problem of multi-channel seismic data acquisition in complex environments. However, it is difficult to use large line connections in instrument layout and transportation. The second type are the blind sensor nodes such as Z-LAND seismograph manufactured by Fairfield Nodal Company and Smart Solo sensor node designed by Dynamic Technologies (DTCC) [6] . Such nodes can maintain longterm monitoring, but it is impossible to carry out on-site realtime status monitoring of the sensor node due to the lack of effective monitoring means. Thus, the construction quality and efficiency are difficult to guarantee with blind-acquisition technical flaws. The third type are the nodes which have superior performance such as the Unite and WTU-508 seismographs of SERCEL Company, France [7]. These nodes use wireless data transmission method and they can also be laid out for a long time. However, they are so expensive as to apply in the high-density seismic array which need as many as ten thousand, even million channels. In addition, the wireless communication distance of WTU-508 is also limited.
For high-density seismic array method, sensor nodes need to collect seismic data continuously so that causing a large amount of seismic data. The transmission of seismic data by wireless is not suitable for high-density seismic array due to bandwidth, distance and wireless transmission rate. However, the control center needs to know whether each node works properly in time. Therefore, wireless monitoring system is necessary for improving exploration efficiency and ensuring construction quality by minimizing field effort and troubleshooting as the survey progresses. So, the sensor node give priority to store the seismic data into the SD card in real time, then send the state information data to the control center wirelessly. In wireless monitoring system, the wireless unit of the sensor node can take the mode of sleep state and shortterm transmission of information after wake-up, so that the power consumption of the entire network becomes very low, thereby increasing the usage time of the sensor node and the service life of the entire network.
B. WIRELESS ROUTING METHOD
ZigBee wireless transmission technology is a low-rate, shortrange wireless network implementation technology based on IEEE802.15.4 standard with long battery life [8] . It implements that the wireless routing protocol in each sensor node works most of the time in sleep mode or deep sleep mode, and only be woken up when transmitting data or routing information. Therefore, the energy consumed by wireless transmission in each node is very low, which is of great significance to design for low-power wireless state monitoring in high-density sensor nodes. Due to the wireless channel transmission distance and communication quality, some nodes in the array network may not be able to communicate with the aggregation node directly, so some data packets shall be forwarded through other nodes. A specific routing protocol must be implemented for networking communication in highdensity seismic array.
In recent years, routing methods for wireless sensor networks have been devoted to developing plane routing protocols and hierarchical routing methods. Typical plane routing protocols include Gossip [9] , GPSR [10] , QoS Aware routing algorithm [11] , [12] and so on. All nodes in this routing protocol have the same status and bear the same responsibility. Thus, this routing method is simple in structure and easy to maintain. However, since this routing method has no central node, the resource lacks a unified management mechanism so that it is not suitable for a large network. Typical hierarchical routing protocols include PEGASIS [13] , LEACH [14] , LEACH-C [15] , TEEN [16] , HEED [17] , DCHS [18] , et al. The main feature of the hierarchical routing method is that the sensor nodes in the network are divided into several clusters according to a certain mechanism, and each cluster is composed of a plurality of member nodes and at least one CH node. The CH node is not only responsible for the network management, control and coordination of common nodes in the cluster, but also responsible for the collection of data and the inter-cluster information transmission of common nodes in the cluster. The member node is only responsible for sensing the specific information of the monitoring area. Known from the analysis, this clustering routing method is well suited to large networks such as high-density seismic array methods. Since the amount of energy consumed by the sensor node is determined by the amount of data transmitted and the transmission distance, the sensor nodes at different locations in the network have different data transmission distance and transmit different amounts of data, so the energy consumed by each node is not equal. The nodes with faster energy consumption in the network have less and less residual energy, and the final energy is exhausted as time goes by. With the exhaustion of power, the node would cause the interruption to the transmission path of the network, which makes it impossible to monitor the state data of the node, thus affecting the efficiency of seismic exploration. Therefore, it is particularly important to consider the energy balance when planning the network. The meaning of energy balance is to make the energy consumed by each node equal as the survey progresses, so that the energy of all nodes is exhausted as much as possible.
Nowadays, routing algorithms have evolved from the hierarchical routing design to energy-balanced routing methods [19] , [20] . Aiming at the problem of uneven energy consumption of the sensor network, some energy-balanced hierarchical routing methods are proposed.
In the early days, LEACH routing method rotates the CH node to realize the energy balance among the nodes in the cluster, thereby improving the energy utilization rate of the network [15] .
HEED routing method also utilizes the cluster first rotation for energy equalization [17] . Energy-balancing routing methods have been largely focused on in the cluster of the network.
UCS routing method introduces the non-uniform clustering method in the network according to the energy consumption of CH nodes for the first time. It has inspired the development that multi-hops method is used for data communication between clusters [21] .
The EEUC routing method plays a significant role in the development of the energy-balancing method which combines non-uniform clustering and multi-hop routes communication between the clusters [22] . It introduces the concept of non-uniform competition radius which reduces the cluster size that closes to the aggregation node and enlarges the cluster size that far away from the aggregation node. Typically, the communication cost such as the amount of data, the transmission distance and node residual energy are the main power consumption control factors in the sensor network. Based on the EEUC routing method, the election of the CH node and the next hop node choice are depending on the residual energy of the node and the distance from the gateway node to the member nodes. When selecting the next hop CH node, EEUC method selects the one which has the highest remaining energy as the next hop node.
However, in the process of selecting the CH node and routes, the factors affecting the energy consumption of the whole network in different periods are different. For example, the energy between the nodes is full with little difference when selecting the CH node or routes in the beginning of the network. Thus, the distance between the CH node and the member node has a greater influence on the selection of the cluster than the remaining energy of the nodes. Conversely, in the middle or late stage of network, the energy difference becomes large between the CH nodes and the member nodes, so the remaining energy of the CH node affects more than the distance. Setting the weight of the influence factor for selecting the CH node and routes would be more reasonable for extending the network lifetime. Thus, there remains an urgent optimized routing method for the high-density array network to improve detection efficiency and prolong the exploration time. 
III. DSESIGN AND DEVELOPMENT OF THE SENSOR NODE
In order to realize the nodes for high-density seismic array, the sensor nodes need to keep their structure as simple as possible. Therefore, the volume and portability of the instrument should be considered comprehensively. This study integrates a moving coil geophone and a high-performance data acquisition system in the sensor node whose structural principle is shown in Figure 2 . The node adopts the integrated design which consists of five parts, namely a 2-Hz moving coil geophone, a high-precision data acquisition unit, a data recording unit, a power management unit and a wireless monitoring unit.
A. DESCRIPTION OF THE SENSOR NODE 1) GEOPHONE
High-quality seismic data derives from high-quality seismic sensors [23] , [24] . The sensor used in the acquisition node is a moving coil geophone with a natural frequency of 2 Hz manufactured by Chongqing Geological Instrument Co., Ltd. It has a relatively high sensitivity with 2V/cm/s and a wide stable band with 2Hz∼200Hz. In addition, it weighs only 250g, which improves the portability of the instrument for single point receiver applications.
2) HIGH-PRECISION DATA ACQUISITION UNIT
In order to detect weak seismic signals accurately, this paper designed a high-performance data acquisition unit in this sensor node. The geophone converts the weak vibration signal into a weak voltage signal, and then sends the signal to a passive low-pass filter network which filters the high-frequency noise in the signal. A programmable gain amplifier (PGA) is set in the acquisition channel to amplify the seismic signal to a range that can be detected by the AD with a magnification of 0 dB to 36 dB with 6 dB steps. For the signal which has been amplified and gain compensate, there is a programmable filter which removes harmonic signal and highfrequency signal interference outside the signal bandwidth. A high-resolution 32-bit analog-to-digital converter (ADC) named ADS1282 is set in the acquisition channel to convert the simulated seismic data to digital signal and then transports it to the control system. The acquisition channel also includes a signal self-test unit. It realizes the shortcircuit noise self-test, the harmonic distortion self-test and the geophone impedance self-test through a low distortion digital-to analog converter (DAC) named DAC1282. A temperature compensated crystal oscillator (TCXO) provides a high precision time-base signal for ADC and DAC in the data collection process based on highly reliable crystal units, superior temperature compensation and adjusting method.
3) POWER MANAGEMENT UNIT
The system power supply considers the circuit complexity of the node, low cost and low power consumption comprehensively. High-efficiency DC-DC synchronous step-down voltage regulator circuit and LDO circuit are both used in the entire power supply circuit, the DC-DC circuits are used in the applications with large buck amplitude, such as +12V converts to 3.3V. Use LDO on some applications with small voltage drop, such as +3.3V converts to 2.5V. The power management unit provides a clean and stable power supply for the entire node as well as lithium battery charge control function. There is a synchronous switch-mode battery charge controller which called BQ24650 for Lithium battery charging control, and the charging current reaches 4A for fast charging in actual application.
4) WIRELESS MONITORING UNIT
Each sensor node in the high-density seismic array needs to communicate with the control center. We design a wireless ZigBee system in each node. In addition, a Wi-Fi system and the ZigBee system are both installed in the gateway node. The control center is equipped with a high-power AP, and its Wi-Fi signal can transmit up to 5 kilometers when communicates with each gateway node. ZigBee communication system is used for node state-data wireless transmission between gateway node and sub-node. 
5) DATA RECORDING UNIT
The data recording unit includes a microprocessor, an SD card storage unit, a wired Ethernet data download unit, a GPS positioning and synchronization timing unit, and an indicator unit. During the data acquisition process, the controller stores the data entered by the ADC into the SD card. In order to reduce power consumption, the GPS provides an initial time as a time stamp of the data file in the SD card after the positioning is successful, and then sleeps. The TCXO in the acquisition unit provides time stamp for subsequent data files. Although we used a high-precision low temperature-drift clock crystal oscillator with the frequency stability of 0.5ppm, the cumulative error increased with time. We adopted the GPS intermittent sleep and wake-up strategy to ensure the accuracy of data recording in order to eliminate the cumulative error. The sleep time of GPS can be calculated as Equation (1).
where τ denotes the sleep time of GPS, K denotes the frequency stability of the crystal oscillator. f DATA denotes the sampling data rates, t 0 denotes the hot start time of GPS. When calculated at a sampling rate of 1000 Hz, it produces 1000 sampling data points per second, GPS synchronization should be performed before the clock generates an error data point. If the hot start time of GPS is 2 seconds, that is, the timing accuracy of the data points is guaranteed only when τ is less than 4998s. The strategy adopted is that the GPS performs a wake-up operation time for every 4998 seconds. In actual work, the time τ is set less than this value to prevent from GPS being woken up not in time.
After the acquisition task is completed, the control center downloads seismic data from the SD card through the Ethernet. Considering the portability of the instrument, an FTP server is set up in each sensor node. The host and the batch nodes exchange commands and harvest seismic data through FTP and network protocols.
In order to realize the portability and practicability of highdensity seismic array detection, the workflow of a single node is designed in Figure 3 . Data acquisition status and charge & data-harvest status are the two main working states of the sensor node. The node achieves low power consumption of the instrument by enabling and shutting down different hardware systems in each of the two states. After the sensor node is powered on, it obtains its own state and detects whether it is in a state of charge. If it is in a state of charge, it performs a data recovery process. If not, the data collection process is performed.
In the data acquisition process, the self-test of the instrument is first performed. The short-circuit noise test and the total harmonic distortion self-test of the instrument are sequentially performed to verify the effectiveness of the acquisition channel instrument and the data recording system.
In addition, the geophone impedance test is used to determine whether the internal connection to the geophone is stable. After the self-test is completed, the collection work is started by creating a data collection task, a synchronous timegrant task, and a wireless communication task. When the wireless communication task is enabled, the system performs networking, and then the node performs data interaction with the control center. When it is necessary to stop the collection work such as encountering an unexpected situation or completing the collection work, the control center sends a shutdown command or a sleep command to each node to notify the node to shut down or sleep to complete the efficient exploration work.
In the charge & data-harvest state, the node initializes the relevant hardware system first, then opens the network port and realizes network communication between the control center and the node. Massive data harvest through the FTP server inside the node for data download. In the actual test, the data download rate of each node is 22.4 Mbit/s, which can complete the fast download of seismic data.
B. MULTI-HOP NETWORKING SOLUTION
In the wireless sensor network, the root node receives information from each sub-node, so it contains a large amount of data with high real-time requirements [25] . The high wireless transmission rate and long transmission distance wireless communication system are urgently needed between the control center and the root nodes [26] . Therefore, this paper proposes the hierarchical network architecture of the highdensity seismic array communication system. Each network layer uses specific network architecture to achieve its own needs. In this way, a communication system composed of network layers can meet the needs of the entire communication system. The wireless monitoring system is divided into two network layers which contain a core network and a plurality of extended networks as shown in Figure 4 . The core network is used to communicate with the control center and the extended network, and the extended network is used to uniformly connect the sensor nodes to the core network. Since the core network is directly connected to the control center, the amount of communication data for all the sensor nodes would be transmitted through the core network. At the same time, the core network also connects with the extended network distributed throughout the exploration area. So, the core network layer is responsible for long-distance communication and high-rate transmission capability. The extended network is located at the bottom of the entire communication system which connects to various member nodes. Therefore, the extended network layer is responsible for strong coverage capability. The core network layer can be designed using cellular network technology (3G or 4G) and wired Ethernet technology [27] . However, seismic exploration usually works in complex areas where there are no 3G or 4G signals, which limits the use of cellular network technology. The use of wired Ethernet technology brings great difficulties to the construction and reduces the efficiency of exploration. Therefore, we use the vehicle highpower AP technology and Wi-Fi communication technology to complete the core network construction. The gateway node with the Wi-Fi communication unit aggregates the node status information in the extended layer network and sends it to the control center through the Wi-Fi signal which from the highpower AP. In this way, it completes wireless monitoring of all nodes in the high-density seismic array.
1) NETWORK ARCHITECTURE
In the extended network layer, the effect of network topology control technology has a huge impact on the performance of the network. Efficient network topology control technology can improve network communication efficiency and reduce power consumption significantly. The core of topology control technology is optimizing and selecting the routing strategy between network nodes, that is, using an efficient routing and forwarding strategy to transmit data thus avoiding unnecessary communication. The existing topology control technologies mainly include hierarchical topology control and power balancing strategies [28] , [29] . Among them, the hierarchical topology control adopts the central control mode which selects some key nodes as the routing nodes, and the routing nodes are responsible for processed and forwarded the data of the sensor node in the network. In this mode, the non-routing node can actively sleep after transmitting the data to the routing node. Only some nodes keep running all the time in the network, which can greatly reduce the overall power consumption of the network. The power balancing strategy adjusts the communication power of some sensor nodes selectively so that the communication distance of the sensor nodes in the network is close to the residual energy which can extend the life cycle of the whole network.
The hierarchical routing method of the extended network layer uses a multi-hop method for communication between the route aggregation node and the gateway node to achieve efficient use of energy in the network [30] . However, multihop communication method makes uneven energy consumption of the entire network. Uneven clustering method and reasonable communication routing are feasible solutions for the problem of wireless sensor network energy imbalance, such as UCS routing method, EEUC routing method. These clustering routing methods generally use residual energy of the node, the distance between member nodes and gateway node or CH node to select data communication routes. However, in the actual network operation process, the energy difference between the nodes in the network is constantly changing as the running time increases. So, the influence of the above factors on the network is also constantly changing. This requires changing the influence weights of factors such as residual energy and distance in different periods of network.
Aiming at the characteristics of large difference of the residual energy between nodes in different periods, this paper proposed the MVWRM. In the process of network cluster construction and data communication routing stage, this method changes the weight of different impact factors in two phases so that alleviates the energy imbalance problem in the network.
The network structure of multi-hop wireless system architecture is shown in Figure 5 . MAWRM performs non-uniform clusters in the network which contains only one CH node in each cluster. The CH node is responsible for data processing in the cluster and data forwarding between clusters. There are election of the CH node stage and cluster member node joining cluster stage in clustering process. At the election of the CH node, all nodes in the network participate in the election which makes the nodes in the network fairer.
In order to make more convenient description of the MAWRM, we will firstly provide rigorous definitions and annotations used in this paper as shown in Table 1 .
2) CLUSTERING
First, we set a threshold P which represents the probability that the member node becomes the candidate CH node in the network. Then, each node is randomly assigned a value p which is between 0 and 1. If p is less than the threshold P, that is, p < P, then the node enters the candidate CH nodes set, and other nodes switched to sleep mode until a new CH node is selected. The selected candidate CH nodes will participate in the competition of CH nodes, and the competition radius R c (x i ) is calculated as shown in equation 2.
where d max and d min represent the maximum distance and minimum distance from the member nodes to the gateway nodes. c is a constant between 0 and 1. R 0 c represents the maximum competition radius of the candidate CH node. It can be seen from Equation 2 that the competition radius R c (s i ) changes from (1-c)R 0 c to R 0 c . As we know, the closer between the cluster and the gateway node, the smaller scale of the cluster and vice versa. If x i succeeds in the competition, other CH candidates within the competition radius would withdraw from the CH election so as ensuring that no other CH exists in the same cluster after the election. Each CH x j needs to maintain a neighbor candidate CH set S CH x j . If the candidate CH x i is within the competition range of the set S CH x j , then x i belongs to S CH x j .
The MVWRM method focus on adjusting the weights of the residual energy of the node and the distance from the member nodes to the CH node during the clustering process. At the beginning of the network periods, all nodes contain the full energy which has little difference. So, we set the value of α is small and the value of β is relatively large. When the network has been running for a while, the value of α and β are adjusted according to node energy consumption status. Then some nodes would automatically join the more reasonable clusters according to rules during the clustering process, thus balancing the energy consumption. The clustering process of the MVWRM was illustrated in clustering algorithm.
Clustering Algorithm of the MVWRM
End for x j = MAX(x (F i )) Step3. Handle election success and failure.
x j Broadcast MSG 2 in S CH (x i )
End if End for
Step4. Ordinary node joins in the cluster.
For i = 1:
3) MULTI-HOP ROUTING
After the CH node completes the intra-cluster data fusion process, the data of the member nodes will be transmitted by the CH node to the gateway node in the form of multihop communication, then the gateway node transmit the data to the control center. In the routing process, the current CH node x j maintains a candidate set NEXT (y i ) of the next hop nodes as equation 4.
where k is the smallest integer that makes NEXT (y i ) nonempty. If k does not exist, then the x j would be the CH node which closest to the gateway node. So, it will send the data to the gateway node directly. Usually, the node with more residual energy is selected as the next-hop node in order to balance the node energy. In EEUC method, if the CH node x j selects the CH node y j as the next hop and sends n bits data, the energy consumption of the two nodes can be calculated as E 2h = E TX n, d x j , y j +E RX (n)+E TX n, d y j , g 0
while the energy consumption indicator during the data transmission process can be express as E r y j = d 2 x j , y j + d 2 y j , g 0 (6)
The smaller the value of E r x j , the less energy is consumed when the data transmission between x j node and y j node. Further, when the CH node y j is located on the line connecting the node x j and the gateway node g 0 , the total energy would be consumed less in the data transmission process. When selecting the CH node of the next hop, both residual energy of the next hop node and the energy consumption of the communication link E r y j should be considered. In MAWRM, if the CH node x j selects one node from multiple CH nodes as the next hop node. Then the next hop node selection based on the equation 7.
H y j = ρE res y j + µ 1 E r (y j )
where ρ and µ are constants, which respectively represent the proportion of the residual energy of the next hop CH node and the proportion of the energy consumption index during VOLUME 8, 2020 the data transmission process. The CH node chooses the next hop node by changing the values of ρ and µ in different periods of network periods. In the beginning of network, all the CH nodes have enough energy with less difference, so the CH node only consider the energy consumption indicator during the data transmission process as the next hop node. Then the value of ρ is set smaller while the value of µ is relatively large, so that the CH node selects the next hop node with the energy consumption indicator during the data transmission process. When the network has been running for a while, the residual energy of most CH nodes makes large difference. Therefore, the residual energy of the node should be considered more for the next hop node selection. Then we should enlarge the value of ρ and decrease the value of µ. This method balances the energy consumption between the CH nodes throughout the operation of the network. The multi-hop routing process of the MVWRM was illustrated in routing algorithm.
Multi-Hop Routing Algorithm of the MVWRM
INPUT: x j , y i , ρ, µ, E r y j , E res y j , N OUTPUT: y j Begin Step1. Election of the next-hop node.
Initialize
End for y j = Max(y (H i )) Step2. Route setup.
For i = 1: N, i = j x j Broadcast MSG 4 to y i End for Step3. Failure fix.
If y j node is not in alive Return to step1. End if Return y j End
IV. EXPERIMENT A. ACQUISITION NODE PERFORMANCE TEST 1) EQUIVALENT NOISE LEVEL TEST
The equivalent noise level is one of the most critical indicators to measure the level of the sensor node [31] . In this paper, the input channel is short-circuited to obtain the equivalent noise in the different sampling rates with the 0 dB attenuation. The test results are shown in Figure 6 .
Considering that all the famous sensor node at home and abroad have similar application scenario, this comparison displays all kinds of equivalent noise like a good alternative. Figure 7 showed various equivalent noise which from different sensor node including Zland, Smart solo, DAQlink III, HX-DJ-02A, Sigma, GCL and Wireless Seismic (RT3). The equivalent noise is tested at different gain from 0dB to 36dB. As shown in the Figure 7 , We can see that the proposed sensor node has lower noise among these famous sensor nodes.
2) TOTAL HARMONIC DISTORTION (THD) TEST
The total harmonic distortion is another factor of the most critical indicators. The acquisition channel of this sensor node uses differential input method internally which has a lower harmonic distortion level. The acquisition node used the internal self-test function to output a 31.25 Hz sine wave signal for testing, and then obtained a harmonic distortion test chart as shown in Figure 8 . The harmonic distortion of the acquisition node is about 124 dB, which proves that the acquisition node has a superior harmonic distortion performance.
B. WIRELESS SYSTEM PERFOMANCE TEST 1) SIMULATION
In this section, we built the simulation model of IEEE802.15.4 network based on OPNET network simulation tool which is used to analyze and verify the performance of MVWRM. Typical clustering methods include the uniform clustering method represented by the LEACH protocol and the non-uniform clustering method represented by the EEUC protocol. Thus, to demonstrate the efficiency and advantages of MVWRM in terms of network lifetime, we did a comparison test using three conditions as 1) LEACH clustering routing method, 2) EEUC routing method and 3) MVWRM method based on EEUC routing method.
We performed the number of dead nodes and the total residual energy during different network running periods. The simulation parameters are set up as shown in Table 2 . Figure 9 shows the number of dead nodes at different network periods. As can be seen from Figure 9 , the number of node deaths increases with the number of network runs. However, the number of node deaths in LEACH is significantly higher than that of EEUC and MVWRM. This is because the LEACH divides the network into clusters of uniform size without considering the relationship between the distance in the network in the process of clustering. While EEUC and MVWRM divide the network into clusters of different sizes according to certain rules, and reserve energy for forwarding data for some special nodes. It prevents some nodes from running out of energy first. The number of dead nodes in MVWRM is less than EEUC in the early and late periods of the network. This is because MVWRM takes the adjustment of clustering and routing in different network periods into account.
In the case of uninterrupted communication, we analyzed the remaining energy in three states as shown in Figure 10 . Based on the uniform clustering method of the LEACH, the total residual energy of LEACH has the fastest rate than that of EEUC and MVWRM. The residual total energy of the EEUC method mode has a faster rate of decline than the MVWRM mode. This is because at different stages of network, MVWRM took the difference in residual energy of the nodes into account, and takes effective measures to adjust the weights of clustering and routing, delays the rate of decline of residual energy of the nodes. While the EEUC method does not consider the difference in the residual energy of some nodes in the case of different network periods. As shown in the Figure 10 , the MVWRM designed in this paper concluded that the energy saving potential should be around 10%.
2) EXPERIMENTS
In this paper, an experiment was designed to verify the effectiveness of the clustering process and the routing process in MVWRM. First, we designed that the same node joint different clusters according to the change of weights in different network periods.
In the initial state of the network, we made the CH node election and member nodes added to the cluster according to clustering algorithm of the MVWRM. Then the nodes named A, B, and C are selected as the CH nodes. The node a is located at the CH node between A and B, and the node b is located at the position between the CH nodes B and C. The test scheme was shown in Figure 11 . In different network periods, different weights are assigned to each node in the cluster. Since the node can monitor its own power and the energy of the system node is transmitted back by wireless command at any time. Then the obtained node energy and test result are shown in Table 3 .
In stage 1, since the energy of the CH node is similar, the cluster member joins the cluster currently depending on the distance between the CH nodes. Therefore, for node a, since L aC = L aB , node a will randomly join one of the CH nodes. For the node b, since L bB > L bC , then it will add to the cluster with the CH node C. In stage 2, the CH node energy becomes different. According to the weight set by MVWRM, the node a will join the cluster with the CH node A because the residual energy E res (A) is greater than E res (B). For the node b, it will maintain in the cluster with the CH node C according to the weight set by MVWRM. Similarly, the residual energy of the CH node B is the largest and the weight of the residual energy is set larger at this time in stage 3. So, the node a and the node b are both added to the cluster with the CH node B. In stage 4, the node a add to the cluster with CH node A because the residual energy of the CH node A is larger than node B. Since the residual energy of the CH node B is greater than the CH node C while L bB > L bC , so the node b will compare the weight value of the residual energy and the distance. In actual test, the node b continues maintaining at the cluster with the CH node C. It can be seen from Table 3 that the MVWRM will make the energy of the whole network more balanced according to changing the weights, thereby prolonging the network life as much as possible.
In the routing process of MVWRM, we designed the path selection of CH nodes. The test diagram is shown in Figure 12. A, B1, B2, B3, and C are designed as CH nodes. We tested the path from CH node A to gateway node in different network phases. The test results are shown in Table 4 .
In stage 1, the distance weight is set first to select the path P A−B2−C since the energy of the CH node is similar. In stage 2, It consumed a lot of energy of the node B2 from stage 1. Although the distance weight is still greater than the weight of the residual energy, the routing result changed to the path P A−B1−C according to MVWRM. In stage 3, the residual energy of the CH node B3 is the largest as the weight of the residual energy becomes large, so the routing result is the path P A−B3−C . In stage 4, the energy of the CH nodes B1, B2, B3 becomes approximate, so that the path P A−B2−C is selected according to the weights of the residual energy and distance. As we know from the Table 3 , the MVWRM method also makes energy equalization as much as possible to extend the network lifetime in the routing process.
C. PERFORMANCE ANALYSIS AND COMPARISON
Since the hybrid communication system with the MVWRM validated for the high-density seismic array method, now it is necessary for focusing on analyzing its performance. The hybrid communication system completes wireless monitoring of all nodes in the high-density seismic array. It contains a Wi-Fi communication system based on the star network structure at the core network layer and a ZigBee communication system based on wireless multi-hop structure in the extended network layer. For Wi-Fi communication system, its signal can transmit up to 5 kilometers when communicates with each gateway node with about 15Mbit/s because the control center is equipped with a high-power AP module. For ZigBee communication system, the data transmission delay will increase with the number of nodes. Each additional node will increase the delay by about 15ms in actual test. Therefore, keeping the number of nodes in a single communication link at an upper limit of about 70 would not impact on the monitoring work obviously. The data transmission rate will decrease as the distance between nodes increases. In our actual test, when the communication distance between nodes is within 15m, the rate is about 170kbit/s, and the communication rate is about 90kbit/s when the communication distance is between 15m and 50m. Since it is applied in a high-density seismic acquisition environment, the distance between general nodes will not exceed 50m, so this monitoring system proposed in this paper is fully with requirements.
We made a comparison test on the key indicators of the proposed sensor node in this paper and the Smart solo. The test results are shown in Table 5 . We can see that the proposed sensor node has superior level in operating life, equivalent noise and data monitoring ability. Thus, it allows operators to acquire high-accuracy and high-quality and highdensity seismic array data in areas where cable free systems. The weight and dimensions of the proposed sensor node also meet portability requirements. Ideal for rough terrain and cable constrained areas, the proposed sensor node efficiently mitigates risks associated with hauling and laying heavy cable, therefore provides greater flexibility to meet highdensity, 3D survey parameters.
V. CONCLUSION
The seismic exploration continues to demand that application is carried out at large number of avenues, high density and wide orientation, which put forward higher requirements with low cost, high precision, light weight and wireless monitoring capability for the sensor node. Following the detection requirement, this paper presents a portable (100mm × 100mm × 110mm, without spike), low-power (28 days, Continuous), high-precision (0.8µV@500Hz and THD with 124dB) sensor node. Besides, we also proposed a hybrid communication system that include the core network layer and the extend network layer for high-density seismic array methods. Simulation proved that the MVWRM are useful in ever-greater scale and receiver density where reducing 10% of the energy consumption of the whole network. Confirmatory test verified that the MVWRM method will continuously make the energy of each node more balanced throughout the network cycle according to the changing the weights of the impact factor, thereby prolonging the network life as much as possible in the cluster process and the routing process. In future work, we want to demonstrate the potential of mass production for the proposed sensor node and study the impact of MVWRM method in actual large-scale detection.
